INTRODUCTION
SEVERAL studies made in recent years have revealed a wide variety of means by which different traits may influence the fitness of an organism. Merrell and Underhill (1956) , examining competition between mutant and wild type flies in experimental populations of Drosophila melanogaster, concluded that inequalities in the mating success of males strongly influenced the fitness of the various phenotypes. The fitness of karyotypes found in natural populations of Drosophila persimilis was shown by Spiess (1958) to depend upon differences in preadult viability and development rate. Using an organism other than Drosophila, McDonald and Peer (1960) found that in experimental populations of the flour beetle, Tribolium confusum, the decline in the frequency of a sex-linked lethal was due primarily to the effects of the lethal on viability and fertility of mutant males and the viability of heterozygous females. Without recourse to population experiments, other investigators have found adaptive differences in olfaction and migratory activity (Harland and Jackson, 1958) and productivity (Spofford, 1956 ) among various strains of Drosophila; and productivity has also been shown to differ between a mutant and a wild type strain of Tribolium castaneum (Phillips and McDonald, 1958) .
With the isolation of the mutation split (sp) of Tribolium confusum, an opportunity arose for further exploration of the ways in which heritable differences between strains of Tribolium can influence fitness.
This mutation depresses the reproductive capacity of the mutant strain, but precise measurements of this effect were never made (McDonald, 1959) . The results reported here indicate that in experimental populations the sp gene is rapidly replaced by the wild type allele, and that the lower fitness of the mutant strain is due largely to the inviability, subfecundity, and impotence of the mutant females.
METHODS
The standard medium and environmental conditions generally employed for rearing Tribolium confusum were used throughout these experiments. The medium 318 D. J. McDONALD AND NANCY J. PEER is a mixture consisting of 95 per cent, fine whole wheat flour and 5 per cent. dried brewer's yeast. The experiments, which fall into three groups, were conducted at a temperature of 300 C. and, with the exception of the copulation experiments, a relative humidity of approximately 6o per cent.
In the first group of experiments, populations consisting of a mixture of mutant and wild type individuals were allowed to reproduce continuously in cages operationally similar to those used for Drosophila. The cages have been described elsewhere (McDonald and Peer, ig6o) , but briefly, they are stainless steel rectangular containers about 13 cm. wide, 18'5 cm. long, and i8 cm. deep, fitted with two rows of removable compartments-eight altogether-each 4•5 cm. wide, 65 cm. long, and 3'3 cm. deep. These are made of perforated aluminum sheeting, and since they fit closely together the beetles can move freely from one to another. Initially, 400 grams of medium was added to each cage which filled it to about the level of the compartment rims. The food supply was renewed by removing old compartments, usually one or two each week, and replacing them with new compartments containing fresh medium. The schedule maintained in these experiments allowed each compartment to be changed once every six weeks. The medium from the old compartment was passed through a fine sieve leaving behind the adults, pupae, and larger larvae which were counted and then returned to the cage.
The second group of experiments was concerned primarily with comparing productivity of mutant and wild type individuals. In these experiments, a pair of adults (male and female) were placed in a glass vial containing three grams of medium for five days while the female deposited eggs, and then transferred to a second and third vial for two additional five-day periods. If either or both members of the pair died during the fifteen days, this was recorded, as well as the total number of adult offspring produced by each pair. Frequent transfers were employed to minimise the loss of offspring through the cannibalism of the adults.
Finally, mating activity was examined by placing a pair of adults in a small Stendor dish with an inside diameter of about 3 cm. and observing the beetles until copulation occurred. The bottom of each dish was just barely covered with medium and twenty-four dishes were observed simultaneously in a square constant temperature box about 25 cm. on edge and 5 cm. deep and covered with a sheet of clear lucite. The relative humidity ranged from 30 to 70 per cent. The female was placed in the dish first and the time elapsing between the introduction of the male and the first copulation was recorded. If copulation had not occurred by the end of forty minutes, the experiment was terminated. Since the beetles are negatively phototropic, the lighting arrangement could conceivably affect their mating activities. Therefore, in these experiments a constant source of illumination was provided by overhead fluorescent lamps, but the intensity was not measured. Finally, to eliminate the restricted activity which the insect experiences if it accidentally falls upon its back, such individuals were immediately righted.
RESULTS (I) The populations
The mutation split, isolated from a wild type stock of T. con,fusum several years ago, was found to be an autosomal recessive with a high degree of penetrance. The split phenotype is variable, but all mutant individuals will have shortened elytra which fail to meet at the midline and expose the posterior third of the abdomen. The mutant development rate did not seem different from that of wild type, which is about twenty-eight days at 30 C., but preadult viability was found to be slightly depressed. Further, cultures of the sp mutant always contained an unusually large number of dead imagoes, and pair the live adults, dead adults, and pupae found in the old compartment were counted, the dead adults discarded, and the living forms returned to the cage. Every fourth week a sample of 200 live adults was examined and the numbers of wild type and mutant individuals recorded. The high natality and mortality indicated by the numbers of pupae and dead imagoes found in the weekly census ( fig. i ) are signs of a population undergoing rapid turnover; and, since selection was operating, were accompanied by changes in genotypic frequencies.
These changes show a gradual decline in the frequency of sp homozygotes culminating in their elimination by the 26th week. For this reason, the cages were discontinued two weeks later. relatively more productive with its own type of female. When mated with a wild type female, the productivity of sp males is little more than half that of the wild type males, but with sp female mates, the sp males' productivity is about three times greater than that of the wild type males. The same pattern of productivity persists when only fertile pairs are considered, and the statistical tests show the productivity differences between the two kinds of males with each kind of female to be significant. Table 2 reveals that the death rate among sp females is quite high during the first seventeen days of their adult life, for only 45 9 per cent. survive this length of time as compared to the 988, 979 and 992 per cent. surviving among the sp male, wild type female, and wild type male groups, respectively. The difference in the proportion of living and dead among the four kinds of individuals at the end of the third period is highly significant (chi square 4111; P<oooi) with the sp females making by far the greatest contribution to chi square. The individuals from the spfsp xsp/sp crosses still living after the third five-day period were kept under observation for another thirty-five days. Death continued at a diminishing rate among the females for twenty-five days until only about 40 per cent, remained, whereupon no further deaths occurred. Only a few males died during this same period, so that survival never dropped below 98 per cent. Table 3 shows the number of fertile and infertile pair matings from each cross where both members of the pair lived for the entire fifteen-day period. Pairs in which either or both members had died before the end of fifteen days were eliminated from consideration here, so that differences between the four kinds of crosses in the proportions of fertile and sterile pairs in each would not be influenced by viability. Upon comparing the mutant female matings with matings involving wild type females, these proportions were found to be significantly different (table 3) , whereas no significant difference existed between crosses involving the two kinds of males. The results indicate a much greater frequency of sterility among sp females than among wild type females. Finally, the data were analysed to determine if the productivity of the four crosses would be the same if only fertile and equally viable pairs were considered. This was done by selecting those pairs which were fertile the first period and lived through the entire fifteen days, and counting all the offspring produced by them during the last two fiveday periods. Only seven pairs (7 per three to four days old, all the insects used here were between eight and thirteen days of age. The results of the copulation experiments are presented in fig. 2 where the per cent. copulated are plotted against
time. These curves demonstrate that the wild type pairs copulate much sooner than mutant pairs or either combination of mutant and wild type. Fifty per cent, of the wild type pairs have copulated within eight minutes following the introduction of the male into the dish as compared to twenty-seven minutes for 50 per cent, copulation of the + I+ x sp/sp pairs and about twenty-one minutes for pairs involving sp females with either kind of male. The data are summarised in table 5 where the mean copulation times as well as comparisons of means and variances will be found. in the absence of selection would have been about 98 per cent. Obviously, the fitness of the mutant strain must be far below that of the wild type strain under the conditions provided here; and, since the relative fitness of two phenotypes must ultimately be expressed as differences in their net reproductive capacities, the census data were examined for evidence of such disparity.
The information contained in fig. i indicates that at the tenth week the total adult population was of the order of only 2000 individuals. This is far fewer than had been found in other Tribolium population cages (McDonald and Peer, 1960) where 8ooo to io,ooo adults was not an unusual number at ten weeks when the populations had attained a maximum size. Furthermore, the abundance of pupae found in the weekly sample-about 150 to 190 per compartment for cages 20 and 21 respectively-indicated an expanding population, and, indeed, the adult numbers continued to increase up to the termination of the census. The reproductive capacity of the original population, which consisted almost entirely of sp insects, seems, therefore, to have The results of the productivity experiments indicated that the sp females were primarily responsible for the lower productivity of the mutant strain. Disregarding the differences among males, the data in table i show that from 248 sp females only 1733 offspring were obtained, or about 70 offspring per female; whereas the comparable figure for wild type females is 6i6, roughly nine times the value for mutant females. The same calculation made for males shows them to be equal in productivity, but this is misleading for it obscures the curious differences in their productivities which are dependent to a large extent upon the type of female involved.
What follows here is an attempt to resolve productivity into its components-viability, fecundity and potency-and to assess the relative importance of these components in determining the productivity and hence the relative fitness of mutant and wild type strains.
The number of offspring produced by an insect such as T. confusum is subject to biological limitations imposed by the organism itself. Any particular female if provided with an adequate male will prove to be fertile or infertile; and the proportion of these two kinds of females will influence productivity of the strain. The causes of infertility are: (a) death-the individual dies before it can reproduce; (b) infecundity-it lives but produces no gametes; (c) impotence-.
it lives and is fecund, but is unable to copulate; (d) preadult inviability-offspring are produced, but die before reaching maturity. When the female proves to be fertile, productivity will be further influenced by: (a) longevity-the length of reproductive life; (b) fecundity-the number of eggs produced; (c) potency-the onset, frequency and success of copulatory activity; (d) preadult viabilitythe number of offspring reaching maturity. Productivity will also be dependent upon environmental factors such as food supply and cannibalism, but these have not been considered here.
It is apparent from table i that a large proportion of the mutant females are sterile, for of the 248 pairs involving sp females, only i 24 (50 per cent.) produced offspring; whereas 218 (897 per cent.) of 243 wild type females were productive (x2 = 897; P<o.ooi). The inviability of s females is probably one of the most important factors contributing to the high proportion of sterile matings involving them. In view of the fact that the usual life span of T. confusum is five to six months (Pearl, Park and Miner, 1941) the adults possess an elytral deformity similar to split and die at an early age-usually within four weeks. He suggests that water loss resulting from the exposure of the abdomen normally covered by the elytra is responsible for this inviability. Excess evaporation could indeed be involved for T. castaneum, like T. conjusum, is reared in a dry flour and yeast mixture where maintenance of water balance may be a critical problem. However, this factor per se will not provide an adequate explanation for the inviability of split females encountered here, for the sp males whose elytral deformities appear equally severe showed no tendency toward early death within the fifty days they remained under observation; and, in fact, their death rate was comparable to that of normal T. confusum. The interesting difference in the longevity of sp males and females is at the moment not understood, but the sharp rise in the death of sp females which occurs between the first and second observation periods, when the females are seven to twelve days old, may indicate that many of them are unable to bear the physiological burden of egg production which usually reaches a maximum rate about this time. The egg, of course, contains a considerable quantity of water, so that the onset of egg laying activity may upset the water balance of the females and result in death.
Inviability cannot be the only reason for the sterility of mutant females for the data presented in table 3 clearly indicate a difference in the proportions of fertile and infertile individuals found among sp and wild females even where both types live equal lengths of time.
Of the ii pairs in this group containing sp females, 327 per cent. were sterile compared to 4.0 per cent. infertile pairs involving wild females; and, as mentioned previously, this difference again seems to be confined to the females only.
A viable female may still be sterile if she produces no eggs or, in other words, is infecund. The question of fecundity was explored by counting the eggs found in dissected mature females removed from mass cultures containing males. The presence of males must be considered for the fecundity of Tribolium females has been shown to increase markedly if they are permitted to copulate (Park, 1933) and, of course, there were males in both the cage populations and the fertility experiments.
Twenty-one females each of the mutant and wild type strains were dissected and examined under magnification. Only two of the sp females contained no recognisable eggs, and the remainder had from one to six eggs each in various stages of development, with a mean number of 3 5 per female. Infecundity, therefore, probably accounts for at least some of the sterile individuals found among sp females. None of the wild type females was without eggs and they contained from one to eighteen eggs, with a mean of 7.5 per female. This is roughly comparable to the figure found by Dick () of five to Another cause of the high proportion of sterile sp females may be the interference of the elytral deformity with mating activities. When copulating the male must position itself on the female's back, and if copulation with sp females is more difficult or impossible, pairs involving them would more frequently prove to be sterile. This hypothesis led to the copulation experiments where by observing the insects in copula the effects of the split elytra might be detectable.
The time required to achieve copulation was measured in an endeavour to quantify mating performance. The data of several experiments when pooled yield "copulation rates" whose magnitudes can be readily compared by reference to the curves in fig. 2 . It should first be noted that since the sp female curves seem to be approaching asymptotes of approximately 70 per cent., about 30 per cent. of the sp females may be impotent and will never copulate at all. On the other hand, while the +1+ x +1+ curve substantiates the finding of little infertility in these crosses (table 3), the +/+ >< sp/sp curve suggests a greater percentage of infertility than was actually found. However, the latter curve seems still to be in an ascending phase and might shortly have reached a much higher level. Obviously, these conclusions, while helpful, remain tentative until the experiments are extended over a longer period of time.
In addition to the difference in proportion of fertile and sterile sp and wild females there is, even when they are fertile, an inequality in their productivity. The 124 sp females that were fertile produced 1733 offspring or about fourteen per female as compared to the productivity of the 234 wild females who produced 14,979 offspring or 6i6 per female. If the fecundity of sp females is only about 47 per cent. that of wild females, the sp females might have been expected to produce 29 offspring per female; but since they actually produce only about half this expected value, it is necessary to seek causes other than subfecundity for the reduction in productivity.
One such cause is suggested from the fact that the death rate among fertile sp females is greater than among fertile wild females.
This means that many of the sp females die before the fifteen day period is over and can no longer contribute offspring. This factor considered along with their subfecundity and the preadult inviability of sp offspring will almost account for the lower productivity of sp females. The data in table 4 show that where fertile sp and wild females have both lived through the three periods and were fertile at the start of this time, wild females produced 58 offspring per female during the last two periods as compared to 2P8 per sp female. However, the number of offspring produced by the sp/sp x +/ + crosses adjusted to account for the 47 per cent, fecundity of sp females would be about 177; and the total offspring from the sp/sp x sp/sp crosses adjusted for both fecundity and the preadult viability of mutant offspring of 88 per cent. would be 1489. Thus, if the effects of longevity, fecundity, and preadult viability were eliminated, the thirty-two fertile sp females would be expected to produce i666 offspring or about 52 per female, which is close to but still slightly below productivity of the wild female. However, in view of the variability of the characteristics being measured this may be as good an agreement as can be expected.
Turning now to a comparison of the males, no great differences in life span (table 2) or in proportion of fertile matings (table i) can be found, so that the productivity differences between the males cannot be attributed to these factors. For this reason, in table 4 where only fertile and equally viable individuals are compared, a pattern of productivity emerges which is similar to that found before these factors were eliminated. Furthermore, the differences in productivity of sp and wild males when mated with wild females is still significant (t = 6-i; P<oooi) in spite of eliminating from consideration in table 4 a large number of sp males which were late in inseminating their females. Of the 127 fertile +1+ xsp/sp crosses, three were excluded because either the male or female died, and thirty-two (25 x per cent.) because they were not productive until after the first period. Only nine (9g per cent.) of the gi fertile + I+ x +/+ crosses were excluded because of delayed productivity, and the proportions of delayed and immediately productive crosses in this group is significantly different (x2 = 7.61; P = 0.007) from these same proportions in the sp male group.
The possibility that the males are not equally precocious-at least when mated with wild type females-is further supported by the results of the copulation experiments ( fig. 2) , for the copulation rates of sp and wild males mated with wild females are clearly seen to be dissimilar. Sp males, therefore, seem less adept at inseminating wild type females and, while this may be a partial explanation of the productivity differences between the males, it cannot account for the difference remaining in the data of table 4. It is conceivable that sp males are less fecund, or do not copulate as effectively (i.e., do not transfer a sufficient supply of sperm) or as frequently as wild type males. However, these possible inadequacies would still fail to account for the apparent reversal of the productivity differential between males when mated with mutant females. These productivities (table i) are significantly different, and in table 4 the pattern is the same although the significance is lost with the reduction in the number of pairs available for comparison.
The differences found thus far are still not sufficient to explain the precipitous drop in the frequency of sp in the population cages, for if the males are assumed to be equally productive and the productivity of the sp female is about one-sixth that of the wild female, the first generation should have been about 90 per cent. sp homozygotes and a second generation produced by them over 75 per cent. sp.
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The populations at the first sampling are a mixture of first and second generations, but since the frequency of sp individuals is far less than 75 per cent., the depression of the productivity of the sp mutants apparently is augmented by the cage environment. One possible explanation may be that viabilities of mutant and wild type insects are differentially affected by the density of organisms in the cages. The number of adults and immature forms per gm. of medium is undoubtedly greater in the cages than in the vials used for the productivity experiments. There were only two adults per three grams of medium in each vial whereas in the population cages, by the tenth week, about ooo adults occupied 400 gms. of medium, a density seven times that of the vials. Furthermore, for several weeks the average number of pupae in each cage was about 1500 indicating the presence of three times that many larvae. This is about eleven larvae per gm., which is four to five times greater than the density of larval offspring in vials of sp female crosses. Thus, the appreciably greater cage densities may have been partly responsible for the rapid decline of sp in the population. This problem and a further investigation of male productivities will be the subject of future experiments.
Finally, it is interesting to consider further the causes of the copulation rate differences found among males as well as females. Attention has already been drawn to the possibility that the elytral deformity of the sp female presents an obstacle to copulation. If it is assumed that both types of males have equal difficulty in overcoming this obstacle and that the wild female presents a different obstacle which is more easily overcome by wild type than by sp males, the results of the copulation experiments become meaningful. Unfortunately, observations of the mating behaviour of mutant and wild males with wild type females have produced no definite evidence of the existence of such an obstacle. Mating in T. confusum is devoid of the elaborate courtship rituals commonly found in other insects such as Drosophila (Spieth, 1952) . The male upon encountering a female will sometimes trail after her and when she stops moving he may then attempt to mount. His efforts do not bring about any noticeable diminution of the female's activities which, in fact, may frequently lead to his being dislodged. This is the only finding which seems suggestive, for if wild type females are more vigorous than sp females, their movements may be more violent and apt to dislodge more easily a weak or unbalanced sp male.
The significantly larger variances in mean copulation time (table 5) obtained when one member of the pair is a mutant compared to the situation when both members are wild type should be noted, for if copulation is subject to interference by the effects of the split mutation, variation in these effects could lead to wide variation in the copulatory performance of mutant individuals. At present, all that can be said in regard to this is that the most obvious phenotypic effect of sp, the elytral abnormality, is highly variable in expression.
